The neuroblastoma-derived cell line N2a is permissive to certain prion strains but resistant sublines unable to accumulate the pathological proteinase-K resistant form of the prion protein can be isolated. We compared for gene expression and phenotypes different N2a sublines that were susceptible or resistant to the 22L prion strain. Karyotypes and comparative genomic hybridization arrays revealed chromosomal imbalances but did not demonstrate a characteristic profile of genomic alterations linked to prion susceptibility. Likewise, we showed that this phenotype was not dependent on the binding of PrPres, the expression of the prion protein gene, or on its primary sequence. We completed this analysis by looking using real-time quantitative PCR at the expression of a set of genes encoding proteins linked to prion biology. None of the candidates could account by itself for the infection phenotype, nevertheless sublines had distinct transcriptional profiles. Taken together, our results do not support a role for specific genomic abnormalities and possible candidate proteins in N2a prion susceptibility. They also reveal genetic heterogeneity among the sublines and serve as a guidance for further investigation into the molecular mechanisms of prion infection.
Introduction
Prion diseases or transmissible spongiform encephalophathies (TSEs) are a group of fatal neurodegenerative disorders that affect humans and animals [32] . They are characterized by spongiform degeneration of the brain, nerve cell loss, astrocytosis and sometimes amyloid plaques. The causal agent or prion, is believed to be a proteinaceous infectious particle consisting of a conformational variant of the normal host protein PrP C [31] . Several strains of prions, with distinct biological properties, and with possible different conformation, have been characterized. In prion diseases, the key event in pathogenesis is the conversion of PrP C into a protease resistant PrP isoform termed PrPres that is thought to occur at the cell surface or in the endocytic pathway [2] . Genetic forms of the disease in humans are all linked to Prnp, the host gene encoding the prion protein [32] . Presence of this gene is necessary for the development and the transmission of the disease [5] . Nevertheless, differences in incubation time, for example in rodent models of experimental prion diseases or in natural scrapie in sheep, suggest that other genes modulate susceptibility to prions [19, 24] .
Over the last decade numerous studies were performed using different approaches to identify cofactors involved in prion pathogenesis in natural or experimental prion diseases. To avoid the complexity of heterogeneous tissues like the brain, several cell culture models persistently infected with mouse-adapted scrapie strains have been developed and studied [13, 36] . A limited number of cell lines support prion replication ex vivo, and one, the N2a cell line, has been used uninfected and infected in studies to detect changes in gene or protein expression upon infection [6, 13] .
Interestingly, N2a cells have been known for long time to be permissive to prions but the stability and the level of prion infection displayed a high variability between groups and laboratories. Bosque and Prusiner [3] subcloned N2a cells and isolated new sublines, some of which were highly susceptible to prions and some appeared to be resistant. The molecular basis of this phenotypic difference is as yet unknown but recent work used this approach to develop efficient in vitro prion assays [20] . We decided to compare gene expression patterns of six different N2a cell sublines, four susceptible and two resistant ones to the scrapie mouse-adapted prion strain 22L. Our aim was to identify molecular characteristics correlated with their susceptibility phenotypes. After karyotype analysis we rapidly were confronted to the issue of chromosomal differences between cell lines which could preclude genetic analysis. Chromosomal rearrangements were then explored using array-based comparative genomic hybridization (aCGH), first applied in this context to the mouse genome. We also focused on specific expression of 21 genes related to prion biology using real-time quantitative PCR (qRT-PCR). Taken together our results are important to progress toward the comprehension of the molecular mechanisms of prion susceptibility.
Results

Expression of PrP
C and infection of the N2a sublines
The amount of PrP C whose expression level is a determinant for prion infection was evaluated by western blot in the different sublines. PrP C displayed the same electrophoretic pattern and typical apparent molecular weights-22 to 37 kDa due to N-glycosylations-in all sublines (Fig. 1) . PrP C abundance evaluated in three independent experiments after GAPDH normalization, was lowest and nearly identical in sublines R4 [56 ± 5%, of the value for N2a, P \ 0.05, Kolmogorov-Smirnov (KS) test] and R10 (57 ± 3%, P \ 0.05, KS test), highest in D11 (170 ± 6.5%, P \ 0.05, KS test) and not significantly different in the other sublines (F1: 93 ± 6%; H6: 108 ± 12%; G9: 110 ± 10%, NS, KS test).
After infection with 22L of the different N2a sublines, the largest amount of PrPres was produced repeatedly by the previously described [50] susceptible subline D11 (Fig. 1) . G9, H6 and R10 sublines accumulated PrPres and were considered also to be ''susceptible''. PrPres was detectable in these lines for up to 15 passages indicating that they were able to maintain prion infection (not shown). Electrophoretic pattern of PrPres was identical in all sublines with, as expected, three major bands at 21, 25 and 30 kDa corresponding to un-, mono-and di-glycosylated isoforms. A minor band at 18 kDa was observed in D11 and corresponded to a truncated fragment already observed in infected N2a cells [27] , which was more easily observed in this than other sublines due to the greater accumulation of PrPres. Two clones, R4 and F1, did not accumulate significant amount of PrPres after infection and were considered ''resistant''. Prolonged exposure of the western blots (not shown) revealed however a faint band, only in R4, corresponding to the mono-glycosylated form of PrPres.
No obvious differences in growth, cell death or morphology between sublines were detected, with the exception of F1 which display abnormal giant cells. This is illustrated Fig. 1c where the surface immunofluorescent detection of PrP C also revealed that even in the ''most'' resistant subline, PrP C was readily detectable and present on the cell surface.
Interestingly, when the binding and internalization of PrPres to N2a, D11 and F1 was tested by incubation with 0.05% homogenates for 1 h on ice or 3 h on ice followed by 3 h at 37°C (Fig. 1d) , F1 had repetitively slightly less signal. This could be related to its particular shape (Fig. 1c) . However, this difference was not dramatic enough to explain the phenotype in agreement with similar experiments published recently [43] .
Karyotype of N2a cell sublines
To evaluate the genetic variability among cell lines, karyotypes analysis was done on parental N2a, D11 and F1 cells (more than 20 individual cells for each were counted). The total number of chromosomes was increased in the parental N2a (Fig. 2) confirming the polyploidy already noted in the ATCC description. The mean number of chromosome was comparable in D11 and N2a, but was much higher in F1 with values of 102 ± 40, 104 ± 35, and 170 ± 43, respectively. Regarding individual cells, around 15 % of N2a and D11 cells were tetraploid, while all F1 were at least tetraploid, 8% of the cells having four times the normal number of chromosomes. The latter may correspond to the large cells observed in the cultures (Fig. 1c) . The chromosomes were sorted by their morphological aspect revealing that, even though N2a and D11 had comparable total numbers, there were important differences in the % of metacentric chromosomes which results from abnormal fusions. As illustrated Fig. 2 , the mean % of metacentric chromosome were about 14, 8 and 5 for D11, N2a and F1, respectively. aCGH profiles of N2a sublines
We first established aCGH profiles to compare the parental N2a with the normal A/HeJ mouse strain DNA (Fig. 3) , as this cell line was derived from a spontaneous neuroblastoma in this strain [16] . Twenty-three genomic gains and 16 genomic losses were found in N2a. Most of these alterations were also detected in the sublines (see below). When N2a and sublines were analyzed (Fig. 3) , diverse degrees of divergence were revealed, from highly modified profiles (D11, F1), minor changes (R10) to no detectable change (G9, R4), with no obvious correlation with their resistance or susceptibility to 22L. Indeed, G9 (susceptible) and R4 (resistant) sublines had almost identical aCGH profiles. Importantly, we also confirmed that all sublines had two Prnp a alleles which sequencing of the coding region did not reveal any mutation or sequence divergence (not shown).
Selection of the genes analyzed using real-time PCR To determine if some genes encoding proteins linked to prion biology had variable expression in susceptible or resistant sublines, 21 candidate genes distributed in three groups on the basis of previous studies were selected ( Table 1 ). The first group contained Prnp, the major gene controlling susceptibility to prions [5] , and the following Fig. 1 PrP C and PrPres in N2a sublines. a Western blot of PrP C using an N-terminal antibody (SAF32). N2a sublines (D11, R10, G9, H6, R4, F1) were all derived from the parental cell line N2a. N2a58 are cells transfected with moPrP that over-express the protein by a factor 3-5 [27] . Based on parental N2a expression, PrP C level calculated on three independent experiments after GAPDH normalization were for the different sublines; D11: 170 ± 6.5%, R10: 57 ± 3%, G9: 110 ± 10%, H6: 108 ± 12%; R4 56 ± 5% and F1: 93 ± 6%. b After infection of the different sublines with 22L (0.01%), PrPres was detected by western blot (SAF mix) after PK digestion. PrPres relative intensities were the following D11: 100% (taken as reference), R10: 62%, G9: 83%, H6: 31%, R4 \1% and F1: \1%. The data are representative of three or more independent experiments. c D11 and F1 cells were fixed, permeabilized, and analyzed by indirect immunofluorescence for PrP using SAF32. The protein was detected on the cell membrane of both sublines. The lower intensity in F1 matched the lower expression observed by western-blot. A ''giant'' cells is observed in F1 and may correspond to cells with the highest chromosomal abnormalities. d PrPres associated with the cells was detected after incubation with 0.05% brain homogenates for 1 h on ice or 3 h on ice followed by 3 h at 37°C as described elsewhere [43] genes encoding proteins functionally interacting with PrP C . Lamr1 encodes the laminin receptor, a cell surface receptor for PrP C [34] whose presence is a determinant for prion propagation [41] making this gene a good candidate for the resistance phenotype. N-cam1 encodes the neural cell adhesion molecule 1, the best-characterized member of the calcium-independent adhesion molecules which interacts with PrP C in lipid rafts resulting in downstream activation of Fyn kinase [37, 39] . Stip1 encodes stress-inducible protein 1, a cell surface ligand for PrP C that triggers neuroprotection [49] . Cav1 was selected in this group because caveolin-1-dependent coupling of PrP C to the tyrosine kinase Fyn has been described [25] . Ywhab encodes the 14-3-3 beta isoform and its has been shown that 14-3-3 proteins could form a complex with PrP C and Hsp60 [38] and they serve as diagnostic makers in the cerebrospinal fluid of patients with prion diseases [14] .
The second group focused on genes encoding proteins modulated by PrP expression or conversion. Chromogranin B (Chgb) was detected in prion plaques and could play a role in neurodegenerative processes [33] , while metallothionein expression was affected by the disease in human brain [15] . Ctsb and Ctsl encode the lysosomal proteases cathepsin B and L which were found to have a higher activity in D11 infected with the Chandler/RML prion strain suggesting that they may be actively involved in PrPres formation [51] . Egr-1 can be considered to be a mediator of prion-induced gene transcription, coordinating subsequent waves of gene expression, and possibly participating in the establishment of infection [2] . The following genes involved in synaptic function, Snap25, Stx1a, Syn1, encode proteins which had a modified expression matching the distribution of spongiform degeneration in prion animal model [39] . The third group was related to genes encoding proteins that could modulate prion conversion and pathogenesis. It is the case of Adam10 which encodes a cell-surface disintegrin and metalloprotease that physiologically cleaves PrP C in its internal amyloidogenic neurotoxic sequence essential for the pathogenic conversion into PrPres [45] . The link proposed between the genetic control of 4-O-sulfation of glycosaminoglycans and PrPres accumulation was the reason for the selection of Chst8 [1] . The four genes Bax, Bcl2, Casp3 and Trp53 are well known mediators of apoptosis and cell survival. They have been involved in many instances in prion pathogenesis through functional or Prion susceptibility of neuroblasma N2a sublines 1697 direct interaction with prions [7, 29, 30, 35] . We also included Sod1, a gene involved in antioxidant systems to improve cell defenses which has been involved in prion normal function and pathogenesis [4, 23, 48] . These genes are scattered throughout the haploid genome, and their map positions cover 14 of the 20 chromosomes. Therefore, this selection of genes was extremely unlikely to introduce a bias as a consequence of their chromosomal locations. The thresholds for significance for qRT-PCR were defined based on the estimation of the error during experiments and were very similar for all the genes tested (not shown). We therefore applied a single pair of cutoff values, \0.5 and [2 (Table 2) , which are standard for comparative studies based on qRT-PCR.
Gene expression in susceptible and resistant sublines The expression of the 21 genes was measured in uninfected sublines using parental N2a as reference (Table 2) . Statistical analysis using Kruskal-Wallis test indicated that the trancription level of each gene differed significantly between the six sublines (P \ 0.05). Application of the threshold for significance (twofold up or down) reduced the number of genes with differential expression to a limited subset.
The variation of gene expression differed between the four susceptible sublines in terms of number and type of genes involved: 7 genes were differentially expressed in H6, 7 in R10, 6 in D11 and 10 in G9. Grouping the genes according to their function or to the localization of their products generated different types of transcriptional profiles among these susceptible sublines. For example, the genes affected were associated mainly with gene overexpression in D11 but mainly with down-regulation in G9 and H6. In the resistant sublines R4 and F1, 7 and 4 genes were differentially expressed relative to N2a.
The genes modified belonged to all functional categories but did not define a particular transcriptional profile associated with the phenotype of susceptibility or resistance. Only one gene out of the 21 tested, Sod1, did not reach the ND not detectable twofold change threshold in any of the sublines. Three genes, Cav1, Chst8 and Mt2, had no detectable transcription in N2a or in any of the sublines (Ct [ 50) . The absence of Cav1 in N2a has been reported previously [40] and our findings confirmed this at the transcription level and showed that subcloning had no effect on it. Importantly, we verified the stability of the gene expression by studying sublines H6 and G9 over serial passages. Only three of 21 genes (Snap25, Syn1, Egr-1) underwent changes in expression levels during passaging (not shown). However, the general trend of the alterations to these genes (under-expression) was conserved relative to N2a (see Table 2 ). This suggests that the transcriptional profile of the sublines was generally stable enough during passaging to allow comparisons between sublines.
Comparison between aCGH data and relative gene expressions Array-based comparative genomic hybridization analysis revealed substantial genomic alterations between sublines, with the exception of G9 and R4 when compared to N2a. The differences in gene expression measured by qRT-PCR prompted us to ask whether they were related to these genomic alterations, and in particular to gene deletion or amplification. Each of the 21 genes studied were mapped to chromosomal regions covered by, or in the vicinity of, a BAC, and we compared the qRT-PCR values with the genomic gains or losses as assessed by aCGH analysis for D11, R10 and F1. Only two over-expressed genes were located in regions of genomic gains on different chromosomes: Chgb and Syn1 (D11) (not shown). Furthermore, none of the down-regulated genes were in regions of genomic loss. This suggested that the changes in gene expression mostly resulted from specific transcriptional regulation, rather than from alteration of gene copy number.
Discussion
N2a cell lines are widely used for ex vivo studies of prion propagation [44] , for anti-prion drug screening [17] , and as cell models for other neurodegenerative diseases [10] . Previous studies documented that neuroblastoma cells typically displayed a high degree of chromosomal instability, but did not demonstrate any recurrent pattern of chromosomal alteration [9, 46] . Isolation of N2a subclones, as well as use of different culture conditions, passage history, and cryptic infections by endogenous retrovirus may be responsible for important differences between cells. This may favor the emergence of spontaneous sublines with particular phenotypes. As a matter of fact, sublines of N2a susceptible to variable amounts of prion infectivity and/or to different prion strains have been isolated [3, 20] . These cells lines have been qualified as ''susceptible'' or ''resistant'' based on their capacity to accumulate the pathologic proteinase-K resistant form of the prion protein, PrPres. Here, we describe six N2a sublines, four susceptible and two resistant to the mouse-adapted prion strain 22L. In an attempt to decipher the molecular mechanisms leading to these phenotypes, we compared these sublines and evaluated, to our knowledge for the first time, their transcriptional status for genes involved in prion biology.
No obvious difference in the rate of cell division between sublines that could account for various prion susceptibility [12] was observed, nor was the initial binding/internalization of PrPres dramatically different [43] , and we therefore focused on the expression level of PrP C whose presence is essential for prion propagation [5] and whose overexpression accelerates the disease and facilitates PrPres detection [11, 27] . After GAPDH normalization, western blot analysis revealed a lower PrP C expression in R4 and R10 sublines and a higher one in D11. As already suggested [3] , these differences could not explain by themselves prion susceptibility. mRNA Prnp levels were also analyzed in parallel ( Table 2 ). As observed in many studies, there was no obvious correlation between mRNA and protein levels. Nevertheless, we observed that G9 and D11 had both the higher mRNA and PrPres levels in comparison with the other sublines. PrPres generation necessitates proper PrP C biosynthesis and trafficking. The different sublines displayed apparently normal PrP C glycosylation or surface expression even for the most resistant sublines (Fig. 1) , and presented no mutation in its coding sequence that could alter prion conversion.
Before starting a full transcriptional analysis, we looked at the karyotype of N2a, D11 and F1 sublines. As expected, N2a had an increased chromosome number, similarly to D11 while F1 displayed a much higher number. The chromosomal distribution between lines was actually very different as revealed by the ratio of metacentric chromosomes. This prompted us to use, to our knowledge for the first time, a microarray-based CGH (aCGH) method to study N2a sublines. As expected, aCGH revealed chromosomal imbalances but did not indicate any characteristic profile of genomic alterations linked to susceptibility or resistance to prion, within the limits of the resolution of the array used. Moreover, two sublines with opposite phenotypes, R4 (resistant) and R10 (susceptible), had indistinguishable genomic profiles. Thus, the phenotype of the N2a sublines could not be easily explained by recurrent genomic alteration.
We then focused on specific genes linked previously to prion biology. Among the three groups studied (see ''Results'' section), we could not identify modifications specific to resistant sublines. This was the case for genes whose active or silent state could influence the generation of PrPres (Prnp, Lamr1, Stip1, Adam10..), as well as for genes that would modulate the impact of prion replication on the fate of the cells (Bax, Bcl2, Casp3, Sod1 …). We obtained also western blot data to validate this lack of correlation for PrP C or for the laminin receptor (not shown). A threshold for significance to filter the measurements generated by qRT-PCR was used and it is possible that as a consequence we failed to identify genes for which a small alteration in expression may have a significant impact on the phenotype of the sublines. In addition it is possible that some significant modifications may have a quantitative, but moderate impact on prion replication. For example, the 3.7-fold increased expression of N-cam1 in D11 could modulate PrP biology and explain the high susceptibility of this clone. Although attractive, this possibility is speculative. Genomics studies using microarrays often generated expression profiles that could be linked to specific phenotypes. For logistic reasons, it was not possible to extend our study to hundreds of genes, and crucial genes directly controlling the phenotype (e.g., chaperones) may have escaped our analysis. We also analyzed our data using hierarchical clustering tools and could not demonstrate a statistical difference between resistant and susceptible cells lines (not shown). Nevertheless, we think that this gene sample, even though limited, allows a picture of the transcriptional state of the susceptible sublines to be drawn. Indeed, three ribotypes emerged among the susceptible clones all propagating prions ex vivo: one with mostly over-expressed genes as in D11, the second with mostly under-expressed genes as in G9 and H6, and a third, in R10 with an intermediate profile.
The absence of any obvious correlation between genomic alterations detectable by the aCGH analysis and the gene expression changes argued for transcriptional regulations specific to each subline. We did not find a characteristic gene transcriptional profile in the two resistant sublines R4 and F1 and they did not share either any remarkable and recurrent variation of expression of candidates genes, including Prnp, that could explain the low efficiency of prion propagation.
Clearly, further investigation is required to find out the reason why some sublines of N2a are resistant and others susceptible to prions. However, our results provide the first systematic study of concomitant genomic and gene expression changes in several N2a sublines with the following conclusion. Firstly, we demonstrated that susceptibility and resistance of the N2a sublines to 22L prions cannot be assigned to one or several recurrent genomic abnormalities, as indicated by aCGH. Secondly, we confirmed that the phenotype of sublines was not dependent on the expression of PrP C or any changes in its primary sequence. Then, we refuted the direct involvement of major gene candidates to explain prion susceptibility. Taken together, we believe that our data are important for further investigation into the molecular mechanisms of prion susceptibility.
Materials and methods
N2a sublines and PrP analysis
Six N2a sublines cloned from the same N2a parental cell line (named N2a, ATCC, number CCL-131) were analyzed. They were selected for their ability (''susceptible'' subline) or inability (''resistant'' subline) to accumulate PrPres after infection (Fig. 1) as demonstrated by western blot using a mixture of SAF60, SAF69, and SAF70 mAbs [27] . One of these lines, D11, was characterized by Zhang et al. [50] as susceptible; G9, H6, and F1 are unpublished sublines obtained by AB and colleagues during the same subcloning experiments and R4, and R10 were subcloned from N2a by MP, DC and SL. Sublines were obtained after cloning uninfected cells by limiting dilution as described [3] . The resistance or susceptibility of the cloned cells to the mouse-adapted scrapie strain 22L was assessed by infection with brain homogenate diluted to 0.01% in OptiMEM (Invitrogen, California, USA) as described elsewhere [27] . To confirm the phenotype of each subline toward 22L prion, four independent infection experiments were conducted. The experiment to test the binding of PrPres to the cells (Fig. 1d) was performed using 0.05% of brain homogenate as described in [43] .
Cells were maintained in DMEM with glutamax, 1 mM sodium pyruvate and 1% L-glutamine supplemented with 10% heat-inactivated fetal calf serum in an atmosphere of 5% CO 2 , 95% air and collected at confluence after 6-8 passages for RNA purification and protein analysis. PrP C was detected in uninfected sublines by western blotting using mAb SAF32 (epitope 78-91) in three independent experiments. Band intensities were normalized to GAPDH signals after membrane stripping and reprobing. Relative intensities were calculated using Densylab software (Microvision Instruments) and N2a as the reference. PrP C immunocytofluorescence was performed as previously described [21] . The PCR-amplified coding sequence of the Prnp gene was sequenced on both strands with a 3100 Applied Biosystems (Foster, California, USA) automated sequencer.
Karyotype of N2a cell sublines
Cells were grown up to 80% of confluence and then treated with 0.04 lg/ml colchicine for 1 h at 37°C and rinsed twice with PBS. Cells were then scraped and collected through centrifugation at 500g for 5 min at 4°C. Supernatant was discarded and cells were lysed in hypotonic solution (75 mM KCl). After incubation at 37°C of at least 20 min 2 ml of fixative (3:1 = methanol:glacial acetic acid) was added to fix the pellet and followed by centrifugation at 1,200 rpm 10 min. Fresh fixative was added and the step repeated three times. Finally, nuclei were resuspended in 4 ml of fixative and stored at -20°C until needed. A drop of samples was released on chilled cleaned slides, dried and fixed on a Bunsen flame. Slides were stained for 4 min with filtered Giemsa solution and then rinsed profusely in running tap water for 1-2 min. After drying slides were observed at the microscope.
Mouse array comparative genomic hybridization
Array comparative genomic hybridization analysis was applied to N2a and five of its sublines (D11, F1, G9, R4, R10). A custom-made genome-wide mouse bacterial artificial chromosome (BAC) array was built using 932 BACs that were isolated, validated by end-sequencing and amplified by multiple displacement amplification. Results were analyzed with GenePix Pro 5.1 software and Cy5/Cy3 signal ratios were determined as described by Neuvial et al. [26] . The experimental design of the hybridization and the labeling protocol used have been submitted to the Gene Expression Omnibus database (GSE5374) and a full description of the CGH array has been deposited in the same database under accession number GPL3972.
Real-time quantitative PCR for quantification of mRNA levels Total RNA was extracted from N2a and its six sublines (D11, F1, G9, H6, R4, R10) with the RNeasy mini kit (Qiagen, Oslo, Norway) and treated with DNaseI. qRT-PCR was performed using TaqMan Universal PCR Master Mix Ò and TaqMan Gene Expression Assays Ò (Applied Biosystems) for each cDNA following the manufacturer's instructions. The list of TaqMan Gene Expression Assays Ò is listed in Table 1 . All cDNAs were amplified in triplicate using the Rotor-Gene 3000 with appropriate controls. Measurement of the amount of 18S RNA was used to normalize the values.
Results were analyzed in a relative quantification study using the Rotor-Gene 6.0 software (Corbett Life Science) and the comparative 2 -DDCt method [47] . Relative expression levels of the genes were assessed (1) in uninfected sublines using the parental cell line N2a as a reference, (2) in passages of sublines H6 and G9 with respect to passages n -3 and n -1, respectively. Non parametric Kruskal-Wallis tests were used to compare gene expression between the different sublines. Changes in gene expression were evaluated according to a calculated threshold for significance (see ''Results'').
